The Hyades constitute a homogeneous sample of stars ideal for investigating the dependence of planet formation on the mass of the central star. Due to their youth, Hyades members are much more chromospherically active than stars traditionally surveyed for planets using high precision radial velocity techniques. Therefore, we have conducted a detailed investigation of whether magnetic activity of our Hyades target stars will interfere with our ability to make precise radial velocity (v rad ) searches for substellar companions. We measure chromospheric activity (which we take as a proxy for magnetic activity) by computing the equivalent of the R ′ HK activity index (which is corrected for photospheric contributions), from the Ca ii K line. R ′ HK is not constant in the Hyades: we confirm that it decreases with increasing temperature in the F stars, and also find it decreases for stars cooler than mid-K. We examine correlations between simultaneously measured R ′ HK and radial velocities using both a classical statistical test and a Bayesian odds ratio test. We find that there is a significant correlation between R ′ HK and the radial velocity in only 5 of the 82 stars in this sample. Thus, simple R ′ HK -v rad correlations will generally not be effective in correcting the measured v rad values for the effects of magnetic activity in the Hyades. We argue that this implies long timescale activity variations (of order a few years; i.e., magnetic cycles or growth and decay of plage regions) will not significantly hinder our search for planets in the Hyades if the stars are closely monitored for chromospheric activity. The trends in the radial velocity scatter (σ ′ v ) with R ′ HK , v sin i, and P rot for our stars is generally consistent with those found in field stars in the Lick planet search data, with the notable exception of a shallower dependence of σ ′ v on R ′ HK for F stars.
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HK activity index (which is corrected for photospheric contributions), from the Ca ii K line. R ′ HK is not constant in the Hyades: we confirm that it decreases with increasing temperature in the F stars, and also find it decreases for stars cooler than mid-K. We examine correlations between simultaneously measured R ′ HK and radial velocities using both a classical statistical test and a Bayesian odds ratio test. We find that there is a significant correlation between R ′ HK and the radial velocity in only 5 of the 82 stars in this sample. Thus, simple R ′ HK -v rad correlations will generally not be effective in correcting the measured v rad values for the effects of magnetic activity in the Hyades. We argue that this implies long timescale activity variations (of order a few years; i.e., magnetic cycles or growth and decay of plage regions) will not significantly hinder our search for planets in the Hyades if the stars are closely monitored for chromospheric activity. The trends in the radial velocity scatter (σ ′ v ) with R ′ HK , v sin i, and P rot for our stars is generally consistent with those found in field stars in the Lick planet search data, with the notable exception of a shallower dependence of σ 1. introduction The high-precision radial velocity (v rad ) technique (e.g., Butler et al. (1996) ) has been remarkably successful in discovering planetary-mass companions to nearby mainsequence stars. Studying these systems enables us to begin to place important new constraints on the planet formation process. So far, high precision radial velocity surveys have primarily targeted the brightest, and hence the nearest chromospherically inactive, slowly-rotating solar-type stars. Thus, while the targets cover a wide range of ages, compositions, and perhaps histories, they are dominated by old, higher mass stars.
A more complete understanding of the planet formation process hinges upon determining which stellar properties influence planetary system formation and dynamics. This can be accomplished with a well controlled and homogeneous sample of target stars. By varying only one stellar parameter at a time, we may begin to understand the properties and processes which govern planet formation.
We have been searching for planets in the Hyades cluster since 1996 (Cochran et al. (2001) , hereafter Paper I). The Hyades cluster provides a uniform sample of stars in age and initial metallicity. Stellar mass is the main independent variable among the members. Thus, if planetary systems are found, we will easily be able to study the role stellar mass plays in the planet formation process.
In order to detect planetary systems, the v rad signature must be unambiguous, and we must be certain it is due to an orbiting body and not intrinsic to the star. Several groups have explored the implications of intrinsic stellar properties, in particular stellar pulsations (Gray & Hatzes 1997) , rotational velocity, and chromospheric activity Saar et al. 1998; Santos et al. 2000a ) on radial velocity measurements. Stellar non-radial (as well as radial) pulsation can easily give observable radial velocity variation, but may be distinguished from orbital motion by their resulting variations in stellar line bisectors (Gray & Hatzes 1997; Hatzes et al. 1997; Hatzes et al. 1998a,b; Brown et al. 1998b,a) . The rotational modulation and evolution of velocity structures or non-uniform active regions can cause similar v rad signatures to orbiting planets. Walker et al. (1992) showed that in the case of γ Cep, the v rad measurements suggestive of a planet were instead likely due to rotation of active regions seen in equivalent widths of the Ca ii 8662Å line. Walker et al. (1995) detected a correlation between v rad and long-term Ca ii emission variations in κ 1 Ceti probably due to its magnetic cycle. Queloz et al. (2001) showed that the apparent radial velocity signal in HD 166435, which was originally interpreted as due to a planetary companion is actually correlated with photospheric line profile variations and is best explained by the presence of dark photospheric spots. Dravins & Nordlund (1990) discussed the possibility of apparent false Doppler shifts over the course of a stellar activity cycle, though, McMillan et al. (1993) has shown that solar cycle magnetic variations are undetectable in disk integrated spectra of the sun. Saar and collaborators Pearson et al. 2000; Saar & Fischer 2000; Saar & Snyder 1999) are working on methods for correcting stellar radial velocities to compensate for the stellar activity, but these techniques are still under development. Because of worries about such activity-related v rad noise, past planet surveys have been biased against young, active stars (Vogt et al. 2002; Henry et al. 1997; . Consequently, out of 76 planets discovered as of December 2001, only four have been found around young, active stars: ǫ Eridani , ι Horologii , HD 192263 (Santos et al. 2000a) , and GJ 3021 .
Because the Hyades cluster is so young (625 ± 50 Myr; Perryman et al. (1998) ), the stars can be quite active. Thus, we must determine if this activity is a major contributor to the observed v rad variances. In this paper, we explore the connection between activity variations and radial velocity measurements in Hyades stars by looking for correlations between the Ca ii K emission and the v rad (measured in the same spectra). This will help us understand to what degree this phenomenon masks or complicates detection of the low velocity signal induced by planetary mass companions.
observations and analysis
We are conducting a radial velocity survey of Hyades dwarfs using the Keck HIRES spectrograph to search for Jupiter and Saturn-mass companions (see Paper I). By using a 10m class telescope, we are able to study even low mass Hyads (down to M ≈ 0.4M ⊙ ). So far, this survey has produced a number of stars showing rms velocity variation significantly larger than the internal velocity uncertainty (σ i , which includes instrumental noise, photon noise, and increased noise due to observational effects such as reduced line density and depth in F stars and increased line width in stars with higher v sin i). Unfortunately, the scheduling of our observing time on Keck has made it impossible to sample short periods without significant aliasing. We began observations of short period candidates with the High Resolution Spectrograph on the Hobby-Eberly Telescope in the fall of 2001.
Sample
Our total sample consists of 98 Hyades dwarfs ranging from F5 to M2. All of the targets are confirmed members according to Perryman et al. (1998) , and all known spectroscopic binaries have been removed. We imposed a stellar rotational velocity limit of v sin i ≤ 15 km s −1 . For the chromospheric activity study presented here, we neglect all stars with fewer than six observations, reducing the sample to 82 stars.
v rad measurements
The observations at Keck I make use of the HIRES (Vogt et al. 1994 ) with I 2 gas absorption cell as a standard velocity reference (Valenti et al. 1995) as detailed in Paper I. S/N∼300 is required in this configuration (at resolution R ≃ 60,000) to obtain v rad precision (in the best cases) of ∼3 m s −1 (see Paper I); S/N∼100 yields precision of ∼5-6 m s −1 . In addition, the exposure times must be kept to ≤15 minutes. We use standard IRAF packages to reduce the CCD images and extract the observed spectra.
It is useful to explore how the rotational broadening in the spectra affects the internal v rad errors (σ i ). Since we have preselected stars with v sin i ≤ 15 km s −1 , we only have a small range of v sin i to study. In Figure 1 , we show the relationship between v sin i (taken from the literature as referenced in Table 1 ) and the mean internal errors ( σ i ) we achieve. Stars with only v sin i upper limits have not been included in the analysis. Error bars on σ i indicate the rms about the mean. We note that even with this limited set of data, we see the trend that one would expect; that increasing v sin i degrades our velocity precision, due to the lowered precision in determining the center of broader lines. In order to estimate how large our errors are at v sin i=15 km s −1 , we fit a linear relation to the data. We find
Therefore, at the cutoff of 15 km s −1 , we can still achieve v rad precision of ∼ 10 m s −1 . We would like to point out that these are our mean internal errors of all of our spectra of a given star. If instead we had chosen the highest S/N spectrum, we would have derived σ i = 6.5 m s −1 at v sin i = 15 km s −1 . For v sin i 3 km s −1 , other sources of line broadening become important (e.g., macroturbulence), and σ i is no longer dominated by v sin i.
Calibration of Chromospheric Activity
Most stellar chromospheric activity is attributed to the interaction of magnetic fields with convection (Middelkoop & Zwaan 1981; Tinbergen & Zwaan 1981; Middelkoop 1982) . However, the effect of magnetic processes on the integrated radial velocity of a star at the few m s −1 level is only beginning to be explored. To date, stars which are chromospherically active and show no obvious trend in the velocity signal over a given timescale are either observed less frequently or removed from planet surveys (Vogt et al. 2002; Cumming et al. 1999; . This is because these stars tend to show somewhat higher levels of radial velocity scatter, attributed to the magnetic activity, and this will possibly inhibit detection of low-amplitude velocity signals.
The question arises as to whether stellar activity in Hyades stars induce significant periodic centroid shifts in photospheric absorption lines, and thus v rad signals which could be confused for perturbations made by planetary companions. The members of the Hyades cluster are chromospherically active, and quite young. Because activity might be a significant source of radial velocity variation Saar et al. 1998; Saar & Fischer 2000) , we include the Ca ii H & K lines in the spectral region of each exposure for velocity measurement with the Keck HIRES. We have monitored the chromospheric activity of our target stars, acquiring Ca ii K emission core flux measurements simultaneously with each velocity measurement.
To measure stellar chromospheric activity, the Mt. Wilson S index is adopted. This index is defined (e.g. Baliunas et al. (1995) ) as a quantity proportional to the sum of the flux in 1Å FWHM triangular bandpasses centered on the Ca ii H and K lines divided by the sum of the flux in 20Å bandpasses in the continuum at 3901 and 4001Å (Soderblom et al. 1991; Baliunas et al. 1995) .
At Keck 1, we set HIRES so that the Ca ii H and K lines are contained within the spectra for all stars observed. The four quantities to be measured (the two calcium line core fluxes plus the two continuum bandpass fluxes) are spread across three echelle spectral orders which overlap by a feẘ A. As a result of flat fielding uncertainties in the most blueward order, we do not use measurements in this order, i.e. of the blue (3901Å) continuum. In addition, we do not measure the Ca ii H line (at 3968.47Å) because for some stars, the wings of strong Balmer Hǫ features (at 3970.07Å) lay within the measured bandpass. This would affect measurement of the Ca ii H line flux as the absorption can be strong enough so as to artificially decrease the Ca ii H flux, and strong Hǫ emission (seen in a few of the M dwarfs) will artificially increase the measured Ca ii H line flux. Therefore, we have defined an index S Keck which is the ratio of the flux in a 1Å triangular bandpass centered on the Ca ii K line to the flux in a 20Å bandpass centered on the redward continuum at 4001Å. Figure 2 shows the numerical filter we used in measuring the Ca ii K flux. Several of our Hyades program stars have previously been measured as part of the Mt. Wilson program . In Figure 3 , we show the relationship between our S Keck and S Duncan (the published mean S data for stars measured by Duncan et al. (1984) including error bars which characterize the rms of the measured S index over the course of observations (including variability). We find the linear relation S Duncan = −0.027(±0.046) + 0.991(±0.120)S Keck (2) Both the slope and the intercept of the formal fit are within 1 σ of S Keck = S Duncan . We are thus able to transform our data into a standard Mt. Wilson S index scale using Equation 2. We call our transformed values S MW .
In addition, we further transform our chromospheric
HK is the Ca ii HK surface flux, corrected for flux contributions from the photosphere, and F bol is the bolometric flux Middelkoop 1982) . Thus, R ′ HK is the normalized, purely chromospheric component of the HK flux and is also useful as a means to compare stars of different spectral types. To convert from S MW to R ′ HK , we used the method outlined in Noyes et al. (1984) , with B − V color index of each star obtained from Allende Prieto & Lambert (1999) , and no reddening corrections were used.
3. results Perryman et al. (1998) who found these same stars to be members. The decline for B − V <0.7 confirms the trend observed by Duncan et al. (1984) and Soderblom (1985) and seen in the data collected by Rutten (1987) . HK data for the younger Pleiades cluster (age ∼ 0.1 Gyr) shows more scatter (Rutten 1987) , but a similar, though weaker, decline for B − V <0.7. This suggests that the decline in activity for B − V <0.7 is real (as opposed to a problem in R ′ HK (B − V ) calibration); a color-dependent calibration error should not evolve significantly between the ages of the Pleiades and Hyades. Thus, although we must be cautious about stars with B − V >1.0, we confirm that at fixed age, there is a broad maximum in chromospheric emission for 0.7≤ B − V ≤ 1.0 (≈G5 to K3), with decreases for both hotter and (tentatively) for cooler stars. ; SBM) may be too steep. Indeed, the scatter is lower and the trend largely removed if the relations for G or G+K stars are used instead (σ rms = 0.21 dex or 0.28 dex, respectively, compared with σ rms = 0.38 dex using the F star fit). The v sin i ≤ 15 km s −1 limit of our sample, though, may be a factor; while this limit has little effect on G and K Hyades stars, it definitely excludes some high v sin i (and hence high R ′ HK ) F stars. The Lick analysis was performed without any v sin i restrictions, and includes two F stars with v sin i ≥ 15 km s −1 . Restrictions on v sin i will tend to limit σ with a (very) simple plage model which assumes that convective velocity changes due to plage magnetic fields are ∝ v mac , the macroturbulent velocity. The full model is given by
Chromospheric activity
Here, f S is the differential spot filling factor (the portion of the total spot filling factor responsible for photometric variations). Also, θ is the mean spot latitude, α is an adjustable constant, and A(f P ) is a function of the plage filling factor f P , given by A(f P ) = 0.25 sin(π √ f P ) (the scaling factor was not explicitly given in SBM; it scales the maximum of A(f P ) = f P ). Following SBM, we take f P = 0.08(τ c /P rot ) 1.8 < 0.65 (Saar (1996) ; where τ c is the convective turnover time from ), θ = 45
• , α ≈ 9, and estimate v mac from relations for active stars in Saar & Osten (1997) .
Unfortunately, only five stars had the required data (v sin i, P rot , and photometry sufficient to estimate f S ) to make a complete model estimate of σ Table 3 . We then use this quantity to test statistically (both in a frequentist and a Bayesian manner) whether any linear correlations exist between the v rad and R ′ HK . We first follow the frequentist approach given in Bevington & Robinson (1992) to determine a probability that the v rad and R ′ HK are correlated. The correlation coefficient is used to find a probability P c that the data come from an uncorrelated parent population (P c =1 indicates that the data are completely uncorrelated, while P c =0 indicates be a completely correlated data set). The results from this test are in column 8 of Table 3 . In using this method, we find several stars with high probabilities that the data come from a correlated parent sample. However, this method introduces a bias, since P c is calculated by only considering r relative to an uncorrelated parent sample. What is perhaps a better test is to compare the data to both correlated and uncorrelated parent samples. This way, we can test both hypotheses and make a better determination of possible correlation in the parent sample. To do this, we use a Bayesian approach.
Our Bayesian analysis uses an odds ratio (K) defined by Jeffreys (1961) . This incorporates prior knowledge of a probability distribution of r of the parent sample. Here, we choose a prior distribution to be constant and centered on (0,0). We calculate a ratio of the probability that v rad and R ′ HK are uncorrelated versus the probability that they are correlated (i.e., K ≪1 indicates a strong correlation, K ≫1 the lack of one). For example, for K = 2, there are 2:1 odds that the sample is uncorrelated (i.e., a 67% chance that the sample is uncorrelated). Column 9 of Table 3 gives the odds ratios. However, Schmitt (1969) notes that the strength of correlations worked out in this manner is somewhat overestimated: correlation probabilities <75% are highly suspicious. In contrast to the frequentist correlation analysis, with the Bayesian techniques, we show that 15 stars have greater than 50% chance of being correlated. Of these, 5 show a strong chance of correlationgreater than 70%. Due to the small number of observations, Bayesian statistics will yield more reliable results, so these values are the ones the authors favor. Of the remaining stars, 40 show slight non-correlation between v rad and R ′ HK and 11 show slight correlation. So, the overwhelming majority of stars are slightly to strongly uncorrelated. Figures 6 and 7 show examples of stars with uncorrelated and correlated trends, respectively, from the previous analysis.
4. discussion Our fundamental result is that very few Hyads (5 of 82) show significant correlations between simultaneous v rad and R ′ HK measurements. It is therefore important to review how stellar activity can alter observed radial velocities, and what our result then implies for planet detection in the Hyades. In the Sun, Ca ii emission primarily reflects the surface coverage of plage and active network, since it is relatively weak over sunspots themselves (e.g. Linsky & Avrett (1970) and references therein), and spot area is typically small relative to plage area. Thus, v rad fluctuations due to spots (e.g., ) will not have corresponding ∆R ′ HK , and so spots should not be a significant contributor to v rad -R ′ HK correlations. Plage/network can generate v rad fluctuations in two main ways. First, plage is slightly brighter in the continuum (by a few %) than the quiet Sun. Assuming this is also true for stars, rotation of inhomogeneous patches of plage will cause traveling enhancements at the local intensityweighted rotational velocity, which will translate into apparent v rad changes on P rot timescales. This effect is completely analogous to the one caused by spots. Since the brightness enhancement of plage is tiny compared with the ∼90% light deficit (in V ) due to sunspots, though, the brightness effect of plage on v rad should be small, even considering the typically larger plage area.
To explore the effects on v rad -activity correlations, consider that an identical plage, observed at two rotation angles ±φ (measured from disk center), will exhibit identical activity enhancements (i.e., ∆R
but will show perturbations to v rad due to brightness of opposite sign: ∆v rad (φ) = −∆v rad (−φ) = αv rot (φ) (where α is some function of the plage brightness enhancement). Thus, a given plage will show a scatter of ∆v rad due to its brightness as it rotates across the disk. When averaged over enough observations, intensity changes due to activity (spots or plage) have no net v rad effect, since the perturbations ∝ ±v rot (φ) will average to zero over the many observed φ. Changing the mean level of activity will change the average magnitude of the effect and its rms, but once again, for sufficient φ coverage the net ∆v rad = 0.
In addition to its brightness perturbation, plage also induces changes in the local velocity field, suppressing convective velocities in strong magnetic fields. The altered velocity field induces changes in the line shape (Livingston 1982) and leads to an overall convective blueshift in the Sun (Cavallini et al. 1985) . Furthermore, these changes will vary from line to line based on their strength and excitation, just as line bisectors do (e.g., Asplund et al. (2000) ). Thus, in the case of plage the v rad perturbation may be written ∆v rad (φ) = v blue (φ) + v shape (φ), where v blue (φ) is the overall convective shift of the line core, and v shape (φ) is the apparent v rad change due to the altered line profile shape. The latter arises because most methods measure the v rad of individual exposures by comparison to a single high S/N "template" spectrum (either an average spectrum or a single deep exposure). Fluctuations in line shape relative to this "template" will inevitably lead to an apparent shift in the line centroid, and hence v rad . In contrast with brightness perturbations, the time average of v blue (φ) + v shape (φ) will in general be non-zero, since both, due to their intimate connection with convection are (unlike v rot ) symmetric about φ = 0 in the timeaveraged sense. Clearly, strong correlations between v rad and R ′ HK will result primarily from these long timescale changes in average plage area (see also Saar & Fischer (2000) ). The present results say little about short term (timescales P rot ) changes in v rad , or about the effects of starspots.
The lack of many significant v rad -R ′ HK correlations in the Hyades thus implies that longterm changes in plage activity have little effect on v rad for our stars. This is not an entirely surprising result. If we look at active stars in Baliunas et al. (1995) , relatively few show clear cycles in Ca ii (see also ). Without a systematic long-term activity variation, active stars are less likely to show strong v rad -R ′ HK correlations. Typically, short term (rotational) jitter in v rad , and perhaps flares in activity, are expected to dominate active stars without strong cycles, swamping potential v rad -R ′ HK correlations with rapid fluctuations in one or both variables. Thus, the method suggested by Saar & Fischer (2000) for correcting v rad timeseries for some of the jitter induced by activity will not be effective for most Hyads. Other methods, based for example on variable line bisector changes Queloz et al. 2001 ) may be useful in diagnosing (and possibly correcting) for short term v rad jitter from spots and plages.
Clearly, the changing R ′ HK with B −V implies that the inverse Rossby number Ro −1 = τ C /P rot (at least as defined by Noyes et al. (1984) ) is not constant with mass at fixed age. This confirms and extends (to B − V > 1.0) the similar conclusion of Soderblom (1985) . Consistent with this, the age calibration of Donahue, Dobson & Baliunas (1997) , which estimates age t as a function of R ′ HK alone, predicts log t[yr] = 8.89 ± 0.27 (in agreement with Perryman et al. (1998) ) but overestimates t for B − V < 0.60 and B − V > 1.30. The physical implications of a mass dependent R ′ HK in the Hyades are less clear. Apparently, either generation of magnetic flux, or the physics of chromospheric heating, or both, vary with mass at fixed age. There is some independent evidence for both of these ideas. finds a monotonic relation between magnetic flux and Ro −1 , which implies mass dependent magnetic flux in the Hyades, given that Ro −1 is not constant. Supporting the concept of mass-dependent changes in heating, several researchers (e.g., Rutten et al. (1989) ) have noted that in comparison to hotter stars, M dwarfs show Balmer emission dominating over HK emission, and chromospheric emission in general reduced relative to coronal emission.
Taken as a whole, the σ Duncan et al. (1984) . The straight line is the linear fit discussed in section 2.3. Error bars indicate the rms about the mean S value for each star. References. -(1) Fekel (1997) ;We adopted an error of 1.0 km s −1 . (2) Strassmeier et al. (2000) ; We adopted errors of 3.0 km s −1 . (3) Soderblom (1982) (4) Kraft (1965) ; We adopted errors of 3.0 km s −1 . 
